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Recovery of Images from the
AMOS ELSI Data for STS-33

1. INTRODUCTION

During tile STS.33 spacc.shutc mission in Lite Novcmber 19S9, o number of instruments of the
i Air Force Maui Opticul St aton (AMOS) uvre it, d to observe fikV overilightis of the shuttle to study

thea interaction of spacecraft contaminints with the residual atmosphere. ";'hse t" asua.1tnts were
* p.rt of a secondrys huttle experiment calkd the AMOS ",libration Tests.

One of the instruments used %, s the Enhancd ]npgave Sivetr:l Inuiger (ELSI), which is an
infrarcd.sensitive arry detector located at :1 rocal plane on tle si mount of th l.G.metCr telescope.
D..i frm this instrumcnt ore recorded on tape in both video and digital formats. The ELSI \-. used
on thrce passes, orbits 21, 37, and 67 on 24,2S, and 27 November. These data are nornilly unclassified,
but speckil circumstances required the ELSI data of 24 and 2$ November to be elaificd. Trhe
unclassificd d:it.t of 27 November, in video fontit, were hin&narried to Gcopih)sics labontory (0L) :t
the beginning or December 1989; tli cl.ified data, in digital formn.t, were sent it L fromn AMOS
some tise in Fcbruary 1990.

Sinc the Spacecraft, Intircrtions Branch (PI.IK) does 1,ot hc frcilitics rur prc.eing clilicl
d.ta, tlhe production of inagcs from the digital iapcs \,,s undcrtiaWn by the Dta Systcuns 3rnh
(LCY). PHK provided a written dcscription or thc t ap roru:it, b:sed on inforniwliun J)rovidcd by
AMOS, and LCY dcveloped the routines needed to read the tipes, but when the dta f ild to yield
rccogniia le inges, tle effort was at an imipuse. To permit PHK to look ;.to the problemn, it \%ws
decided to work on the unckisified data of orbit 67, which carries the test number ATN 47434. We
requested and received (on 23 March 1990) a one-minule simple or digital data, corresponding to the
intcnnal during which the best images were seen on the videottpc.

Exanination of these data showed tht- the instrumcn . was suffering from several malfunctions,
one or them serious enough to make the data unusable when processed in the usual n:anncr. This
report describes the problem and the devclopmcnt of a method to deal with it, specificnlly, tic
construction of an algorithm cap:ble of efcting a compicte recovcry of the images.

(Received for publication 19 April 1990)



2. DESCRIPTION OF THE INSTRUIENT

The ELSI instrument employs two array detectors; a mid.-wm (MWIR) detector, which is a

gillium-doped silkon array of 45 by 90 pixcs, and a ong.wave (LWIR) detector, which is a fIgCdT
* arroy or64 by 64 pixcls. T. image can b moved, by a %*itch in the control room, from one detector to

the other. The spectral range and Larger field of view of the LWIR detector make it more ueful for
acquiring a target; after acquisition the image cn be switched to the MWIR detector. The recording for
orbit 67 Includes data from both dtectors, as noted below, but only the MWIR data ore of Interest here.

The ELSI uses a rapid-chopping scheme to remoe the instrument and sky background against
which the tr cked object is seen. The image is recorded first with the object in the chosen location on
the array detector and then tgain after ' e object has bken deflected slightly by n ing one of the flat
mirrors In the optal path. Subtract:- the second inage from the first is extremely €ffcctive in
producing a clear image of the tracked object agaist an almost black background. The object is not
deflected enough to mov it completely off the detector, so the subtraction result in a positiv image at
the chosen lotion and a negatifv imnage at the de-lcted position; the latter is remvced by selling
neg.itive pixel alocs to xcro, kaing only a patch of completely black background. Th dcflcton,
which Is called nodding, is done at a constant nominal rate of 40 cycles per second, implying an image

rate of $0 per second.
Analog data from the detector are digitixed by equipment mounted on the telescope and then

transmitted to the control room, where they are recorded on digital tape. The r ,ording provesi is
further described in the dicussion that follows. The digitized dta are also sampled and reconverted to
maulog form, in a stanicrd viko format, for display on a video monitor and recording on videotape.

3. TAPE FORMAT AND CONTENT

ELSI digital data are on standard 9.track 6250-bpi tapes. Details of the tape format are shown in
Figurc 1. Physical records are unformatted binary and contain 16 kilobytes (16,384 bytes), except for the
"ist record In a rile, which may be. short. A tape may hafe one or more files, terminated by end-of-file
marks, representing different time intenls. Each file begins with a fila label of 1024 bytes, followed by
an Integral number of ELSI logical records of 185,344 bytes each. Therefore, there are more than 11
physical records for each logical record, and boundaries of physical and logical records are not simply
related. Each logical record contains, in this order, an 8-byte spacer, twenty images, and a 1016-byte
record label.

The prcvnt purpose requires no information from the rde label or the 8-byie spacers. Th only
item needed from these rd labels is the time, which is given in units of seconds and milliseconds after
the reference lime of 0000 GMT on 01 January 1970. The seconds component is an unsigned four-byte
integer in bytes 21-24; the milliseconds component is an unsigned two-byte integer in bytes 25-26. Pixel
values in the image arrays are unsigned two.bytc integers. Integers are written to tape starting with the
most significant byte.

Each ELSI image contains 9216 bytes or 4608 pixel values in a 6x16x48 imnage amiy. These are
rekted to the 45x9O MWIR delector wmy M illustrated in Figures 2 and 3. Figure2 shows how the
detector array is laid out in six sectio" that have separate readouts. Data are recorded on tape in the
order in which they come off the detector. The readout takes a value from the same location on each of

2
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Fgure I. Trope frmuat used for the recording! oir ELS;I data

the six sections l, 4ore it proceeds to the next location in the next row. It progresses through all row

locations in , column before moving to the next column. Thus, the rcsultinig image array has dimensions

of section, row, and column (s,rc), where the s index cycles most rapidly and the c index most slowly.

There is a further complication in that the readout progresses through 16 (not 15) rows in each section

and 48 (not 45) columns. The resulting spurious values are rcferred to as overclockedpixels and must be

discarded in processing the data. These are apparent in Figure 3, which illustrates the structure of the

image array; the ovcrclocked pixcis ame represented by open squares, while real pixcls arc shown as solid

squares.
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4. EQUIPMENT AND PROCEDURE

Figurc 4 sho"i, V a function of time, the dAtA rcovdcd for orbit 67, Culml"tlon, the time of
cklot mppfoxh of th shuttle to AMOS, is Indkatcd by Wn rrOw at the top. Two tracks ofsolid ba#tst

the bottom show which tktcctor *w In ws at a putkulr time. Above tha Is shown the onc.minute
period, just aftcr culmination, for which digital data wect rcqucsted; it ,Wludela small amount of LWIR
data. The data actually rw ,ckd ae WkI cd at the top; they €,vcr the requested period and continue
until tht tape rcel It frlkI. The dision into two fi s probobly refets a s'itchovr to a new tape unit
during the originml recording. It provided a conwenknt starting point for our examination; atll of the dmta
discwscd below com from file 2.

EI[ DATA

ATN 4743 1 CULMINATION
47 NOV 0 9,

,til #i t l i I l ~

l~ 
o 

til

I~~~~ t lIIIil

'' I It
lU *IIIE'ii

o~ k 0 0 0

'4 o lh

Figure 4. Summary log of the orbit-67 ELS[ data used in this work

The equipment used wA a Zenith Z.248 desktop system, a PC-Kr clone, equipped with dual 22-

.megabyte Bernouli drives in addition to 20. and 40-megabyte internal disks. Also included %%as a

Cornat U300X Lascr printer equipped with a custom font of 12S grey-scale ch.aracters. Except for lal:
of a tape driv%, this system proWd nearly ideal for examining these data. Data were irnsported to this
system on a Bernoulli disk. The first six megabytes of tape file 2 were copied from tape to a Microvw
user directory on disk ond then, via local network, to the Bernoulli cartridge. 'This -data extract
comprises a little more than 32 ELSI records. Figure 5 indicates schematically how the data ire-atnCet
progressed from this point through subsequent steps described below.
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Figure S. Shemalic diagram of the proctssIng procedure

The approach ,o tht problem set four squctial objcctiv s: (1) to discover what was wrong with

the ELSI daa or the pmk ifor to w it; (2) to e whether the data oforbit 67 could b processed
to produc imalm that matched the video data; (3) to uader whatcr method was developed to the
LCY fWcUty, applying it rst to the orbit.67 data for conruirmtion; and (4) to sC te establishcd
technique to process the cWssied dam.
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S. EXAMINING THE DATA

PixI values in tht ELSI data oritlnatc in a 12-bit AiD comtrtcr and art positive integers rntging
(com x*rO ttitough 4095; this is true for Ail twaiy of the taw Ifna, of an ELSI record. Valtws arc
stoncd w two. i ntecgrt with tha four moxt slgnifian bits sct to zcro. In practkc, the .'ialues mty be
cnflncd mnnly to a mich nwwrowr range thn the U 4W96 %ucs aIodwcd. The principil probkm
with th4 dtam WO r ckd immltcly n t :he ditribuion ofvalucs in a srill sampk was cmined.
All %iluct ay be t**n 346 an 35 3 or bcI*cn 3 w aW 4095. What te nanges hai in common is
that bits 11, 10,*, and 7 of the 16.bit licgcr avUN" hw the %Aou onc; I.C. thets bits arc *Stuck" in the
On swttc, Bits atc numbered from LSO -0 through MSBu 15. A closer look ho showed that bit 1 *-4
also nvuk li the on statc. With i v of tw hve bits inomrablc, the d am Are enormously ambiguous. Tbh
resulting rcsponke cu , plotted in Figure 6, sWho that each rccordcd number rcprc cnts nwt the one
itu va-Mv but an one of sigieen pomslbllit. h escak of this c w docs not show the cffcct of stuck
bit 0 1, which h* daa value of only 2. As will e seen later, Its effcct on an image il1 be negligibly
smill, so it ik Ignored Iftall of the tollowing discussion.
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Figure 6. Plot of recorded datum value versus the true pixel value
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This discovay wau rciorted to AMOS with a roquat to check the current Stmus of the
instrument. We were subsequenlly indoWmcd ihut the bits lwre found to be stuck cw:tly uas reportcd.
We were not told the kocation and cause ofthe malfunction, but bc-ause the vtido dim. which are st;ate:d
to be derived by reconversion from the dieitaL seem to be uroff€cuJ by Ihe stuck bits, %%V swUpect the
bits are stuck in the recording equipment, not in the data from the lescope.

The ncxt step was to write routines to reounim, reasd, and malnipulzat ELSI rccords. i~s dwltitcd
by the formnus of Figure i. One routine ww reqqired to clean out wtranous ntkril, b sc.cat il
rending the tape the Mktrok.x copy utility ha l insefrted tin end.of.re)rd nuirk. 000A, ofter Oe doitm
from each tape record. The .ext routine operates on ec.-h ELSI record I dcode time. di'&ird
overelocked pixels, reorder real pixcls, mm write a new dla file.

-Examining the data with these tools diclo two more appaent fo.lts. First, onc,*ction or the
detector, fifth from the top, %%s completely dead, with all pixc rcdlint the saturath)n volue AV5. This
is a rcltitely minor problem in this ewe, s c the tracked object w;s kept wll within the upper lour
sections of the detector. Second, time values recorded in success v frames d) not aduance by the
nominal amount of 250 ms (20 frames at a nate of 80 per second). Figure 7 shows theC advatWc or
recorded time over a scri s of 32 frames, revealing that tlv time interal per frai oscilhits irregularly
between rabout 3X) and 7WX ms, with the a vrage being about 410 mi. It is not kmn whethwr Ihis
variatkon is real or the-result of inaiccurate rceading of the c"-k. It too is a minor problemn here, since
accurat~e tinting is not required. Thes rafults hive not )vt eil reprted it) or confirmed by ANIOS
Personnel.

IME RECQRWfI) FOR( EAChI PIRAME I

UII

--co INCRENIE1T OF Tl'IEl SlINCE U.ST FR,\NMI

MAI~ RECORD NUMIDEI'R

Figure 7. Observations of recrded time versus the record number
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A gencral-purpoe Image-processing routine wM writcn to pcrrit the production of hardcopy
grey-scale prints from the data; this was needed if an method of salvaging the data were to be found. In
its Latest form, the routine incorporates a number ofsequcntial but rtlcatablesteps, as follos:

a, Aead the next record, interchange bytes, and convert to integers.

b. Subrat each odd background image from the following e n image.

c. Corct the data using an incorporated algorithm.

d. Averagt over a specified number of'succomsive image pairn.

e. Process the composite image, cven-minus-odd or odd.minus.cven, by finding maximum
and minimum dat vlues, setting and adjusting threshold and saturation levels for tile
grey.scalk, MnW converting pixel values to gfey-scal values.

f. Qulrt the resulting image to a print file for transfer to the ler printer.

A atch file was used to copy the print file to the In er printer along with the requircd grey-scale
setup and reset commands. With defect-free data, thct procedures will producen good im:wge. The
custom GREY3 font relates coverage, or dcnsity, of a squirc pixel to an ASCII character number by a
conversion cunt that consists of three connecting linear segments that lie about midway betweet I pure
linear and a pure logarithmic scale.

6. CiOOSING A CORRECTION METIOD

A first version or the image processor, with no corrction algorithm, %as applied to the unltercd
dato to see how much, if any, of the true image could he seen despite the stuck-bit nalfunctio,. Figure S
shows the result of applying this normal processing to the first inage pair of the first record. The data
printed represent image 2 minus image 1, with negative pixel values set to zero. The grey.scale
threshold (Hlck) %"a set at zero, and the saturation (white) A.s set to the naximumn, ,alue found in the
data.

This image reveals several interesting features. First, the fact that dcector section 5 is not
operating is evidenced by the black band across the lower half of the inage. Second, the location of tle
true image of the space shuttle is easily discernible as the light area centered near the left edge of section
2, roughly at column 10, row 27. The light-to-medium grey pixels clearly show tle shuttle outline as it
oppears in the videotape. The video image of the shuttle is a vaguely triangular blurry white silhouette
against an almost-black background; thore is some, but not much, variation within the silhouette. In the
digital image roughly half of the pixels within the silhouette have dropped out and appear black. At the
location to which the image is deflected, centered roughly at column 10, row 45, there is a collection of
bright pixels forming a sort of ghost image where there should be only a completely black arca or "hole.
A number of other false bright pixels are scattered about the rest of the background.

(on facing page)

Figure 8. A background.subtracted image produced by normal processing
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Figure 9 shows image 2 alone, without subtraction of tile background inage. Therc is no
rcexgnimible strcture in the region of the shuttle silhouctt. The pixel values show some coll iv
oppcaraner; front upper left to lower right tle pixels successivcly assume iton s of dark, light, and
medium lgrey In thrce rather distinct arcas. Ih presence of only two bound.,ris suggests that no more
than to of ih Lrgcr jumps In the response curve, 384 or 640, arc encouncrcd, and only one if the
second boundiry 4s a retracing of ti e first. We therefore expect the distribution of true data valuts to be
wnfined to v eye narrow part of tle Ycro.to-4095 range.

In tihe background-subtractcd image of Figure 8, the abrupt disappear.ince of grey tones or the
oppaa nce of britt spots, us one moves spatia ly across the image along some line, is Ceaily understood
on tie basis of the resonse curve of Figure 6. It occurs when the t ue value of the even (odd) image
crosses one of the discontinuities in the response curve while tile odd (even) do.. not. h dtLark pixels
within t e shuttle outline are caused by a negative jump in the even inagc or a positive jump in tle odd
inage. lT brlght pixels within the black hole orc cused by the rcversc condition. lhcre tre relatively
few false bright pixeLs, and presunmbly a similar number or faLs bl ck pixels, throughout the
background because It is rather unlikely that the illumination on such plxcLi will be much differet in the
t=en and odd Images and therefore unlikely to straddle rijump in the respotse curve.

The filct that many of the false pixel %'-lues can be recognized by visu l examination suggests that
an olgorithma might be devised to corrcct the data despite the ugly nature of the response curve. The, cyc
disccrns bAd pixels because of their shrp jumps from the valucs of neighboring pixels. Tle jumps are
noticeable because of the relatively low spatial gradient of intensity within tle true image. In
approaching the shuttle silhouette front any side, we notice that tle intensity increases smoothly over
several pixels before hitting n jump that makes it false. This suggests that the average spatial gradient
nay be much less than 128 units per pixcl.spacing dstance. Since the smallest jump in the response
curve Ls 12S units, these junps may well be recognizable in going from pikel to pixel in the hngc. As
noted above, the true pixel ,ilues scen to be confined to a narrow 1iortion or the full 12.bit range.

Ilia, foregoing observations suggest using a very simple and straightfonvard lgorithm ror
correcting tle data. This nctihod tIkcs one starting pixel as a reference point and then moves along
multiple tincks across the detector, adjuzting tle value of each pixel according to whether and how much
it has jumped relative to the preceding pixel on the track. The pattern of tracks is . tree with enough
branches to cover every pixel. Since any error in identifying a jump will affect every subsequent pixel on
a branch, it is well to mike tihe branches as short as possible. It is not really necessary for the starting
pixcl to have a true value, since the absolute level of the result is not important unless successive images
are to be iveraged. But in any case, the arount of its crror will be apparent front the difference in the
resulting distributions of positive and negative values; the black background will not be roughly zero but
sonic valuc thatr approxialtes the size of jump by which the starting pixel was in error, and the
nmgnitudes of the most positive and most negative pixels will diffcr by twice the size or that jump.

(on flicing page)

Figure 9. A single even-numbered image produced by normal processing
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7. CONSTRUCTING THE ALCORITJI[M

For clarity In thc following discusion, till rcsults presented will bc for the invagc pair tilrcady
shown (ile 2, record I, Irmage p ir I), and references to tile simple imao will nican the background.
subtracted fniigc unl.ss stited otherwise. Also, in much of thc %%vrk to follow, only the upper two.
thirds, rows I through 60, or the detector will be used. Thc fifth section is dead, ad since the dcloched
sixth section is of little wc by Itself, it w s usually set to zero.

Wc know thiti the distribution or "ituc.. in a singlc imige is confined (o the two ra"C'us n14d
carlcr 456.*83 and 3%.4095, but this will be different In a baikaround.sgeubeied hnalc. Figure IO
shows the dlstribution for thc sample cmc. 111is and the following figure use lo"riihmklc cIs cc)t
tlht zero has been pliced at the 0.1 level. Valcis tire le.s confined bWause two quintities tire involkv'd
in the subtiction. We may rmmonbly guesm tiht miany or he value, below i2S trc true, whilc timt of
the two higher groups ire raie. We Lso note that over most of thc iimgc, wherc there is no imkcd
otljcct, otl the cvcn. and odd-inwgc \-alues of a pixel may be grossy, aflectcd by the stuckdblt
malfunction while their differcnce rcmain. correct.)

PO.FITVE VAIVf-t

> 1(0 -. . . .

I I
0

NECATIVE VALESB .ouo
> oo !... . _

0

MAGNITUDE OF VALUE

Figure 10. Distribution of pixel values in an uncorrected inage
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The distribution of lthe actual pixel.to.pixljumps in an in ge is most Importnt to knmk. Figurc
I I ihows th dictribution ofjump .izes encountercd in scanning left to rightalong lnl of tht first (A Iws

of oin inin e. Jumps having mgnitudes of 1, 3, nod 5, in units of 12, tire expected. since the"y occur
dirot) in tht rcsponse curm the pixcl ncc to jump in only one inwgt of tle subtrneied pnir. We.itw
S :C mtn, jumps or ,IgnOudC .I. In thL cc th pixel mulstjump in bolh Ifmngs; for ex1mple ( 3)-(-l)
or (~ *)-( t 1). Both of these combintions nrc likely, as can bcscen by juxtnposing the cuve of Figure
6 .ind its invent; a diffrcenc of only 128 In til true wilucs of even Ind odd Iwngcs can vuse Ihescjump
tornbin mlons to o=ur if t le spntlnl gradicnt has the sa e direction In both imaqcs, nm is usuilly theI wse,
Convcrs, ly, jumps of magnitude 2 and 6 arc aimost never seen. 'hese I lso require jumps in both
imn~s; for eimple (+3).( + 1) or (+S).(-1). Such jumps are also poksible with the sanle cve.odd
diffemrncc of 12s, but the spidal gradients In the evecn and odd iWages must be in opposite directions.
Since this is Nery unlikely, these jumps tirewvry rare.

0 0 * N a f

POSITIVE JUMPS
"' 1.000

I'0

I : -

0

10.000
NEATIVE JUMPS

zt 0
0

0 1 2 3 4 5 6 7
SIZE OF JUMP

Figure 1. Distribution of pixel-to-pixel jumps in an uncorrected image
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Clcirly, the Important fe-aturc of this distribution thit m),kcs correction possible is (he clear
seM.',rmion of tie nlnitudc.O and rAlgnitude.1 groups. Tilis revwea th.-t the pixcl.to.pixel varition in
thN true im,ge does not cxceed about 4S, whileas:uck.bitjump ovcr a discontinuty of 128 never rcsultls
in n jump of less thIn 61. Similarly, jumps of ianitud 3, 4, ors are cqu lly unambiguous. This implies
that an algorithmn b.sucd on jump size alone %kill sufic, and therc will be no need to Inwokc such
additional criteri s the local trend of the spatlL grdient, c.

The correction altorithmn, therefore. w a constructed to work s follous. The starung location is
IaIen to be tie top of tiei middl¢ column (colunn 23, row 1) and the first tn.ck runs dowi column 23 to
row 60. From thle centmral column of corrected pixels, each subsequent trc k ruls along a row from the
ocntml column to tle right or left edge, so the complete pattern comprises 121 trni:s, whit only the
initial track covering more thin 23 locations, At ceach step along the track the observed j ump to the
current plcl s classified as to tie discontinuity Included, on integral number between .6 and +6. This
number i ,addcd to tile cmnuLtive total from tile beginning of tile track to ind the amount by which lie
current pixel should be adjustcd. nw ev lative adjustment for cach pixel is stored in a scimratc army,
and tile pixels nrc adju.ted after completing .ll tra cs

The threshiold leels used to determine jump ske, that is, thc Iloction of boundaries between the
groulis in Figure I1, were allowed to be Individully adjusted, but In practim- setting them all to thie
appropriate multiple omf 64wa found to be adequate.

It my be sful to note that we first tried to use a similar algOritllni applied separately to the odd
and mvn Imag esofa pair. I 4!itoght that this mih prove bes, so th1t ]egitimaie variatIns i both
hiages wuld not be added, possibly making their sum large enough to be confused with a magnitude.l
jump. This wasxi mistake. "hat effeet w-s outweighed by effect of Inherent pixelt0.pixel arialions in
rcpons Mc Litter, which creles thle nced for flat4lelding techniques in thc first place, prtod to be
larger than pixeluis-pixel variations In tie imaSc. They ere, in fact, so large that they could not be
distinguLsllcd front naggnitude.l julps, :nd the algorithm failed.

8. DESCRIPTIOiN OF RESULTS

The algoritlhm proved com1pltely successful in correcting the orbit.67 dam used in its
devlopment. Figure 12 sho tihle fully corrected sample image. In this cse, grcyseale saturation
(wltie)-.-vs set to correspond with the brightest pixl, and grcy-scale threshold (black) ws set somewlat
above zero. as is usually done, to suppress tile empty-sky background in addition to eliminating the
decleed imagp due to nodding. Figure 13 shoe- 'Ne same im:ge without the sky background
suppressed (grcy-scle threshold at zero) P.ckground has a f:irly uniform mottled
appearance, and the black hole o(fthe dcflcea "le.

(onfifcingpage)

Figure 12. The fully corrected image with sky background ,uppressed
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Some testing of the results uis done, but no signirkcintly ificrent- O~ita Nere =nvdile for a1

Ca Arus edluttofl. AS long ,-s tlie Jump dilstribution shot complete squirattion litiwen groups,. the

%mrwifon should ke perfect. It 4s un tin% approximattion, so evn the most sublk featurcs in lte true

inm. Y Qdl be presrvcd. Morcmv-r, ifan error it% dtiectinglind cimirying ujuil) wre to occeur. it would

cspoe isel byprouei~ nver noicetb~ tf e.l bv resulting img~li dct ro Aigting plong the

remaiindcr oif the correction trac).. This \%-m dcivrtsmr led in testing by\ dcliimrituly forcing ;in Urror.

NVC CNspeet till( such a defect wovuld still be apprent. .vn if lte imoigc were too octive for lte correction

toi succeed.
Mie successful corre.-tion of theAA 4aom rvils one more condition ftt y tie another

stfi nitn flult In thle instrument. 1the t-kod object seen in Figures 12 und 13 is the spice shuttle.

whidh is otlyQ 40 mters in ength, atraidistance. fromi the tecope of more than 2010 miles. Still, in Figure

1's \\e t.-n ceirly see that the blick hole of the deflected image has obscured a snall part of the desired

imnwqc. It the object were either Larger or closer, miore of lte image would tie obscured. Since the

Kwikitround subtraction wovrks \vry well with thle current amount of image deflction, it should tic

Ch-t-ibb ond usful, to incre~e the dcfletion, mioving lte black htole r1,mlr out or the way% \\e have

not \v( enquired about the lriikac~lity v'fdoing so.
At thc time of this writing, the algorihin has been transferred to LCY for p eecming tit thc

%;Ix--ticJ datai. A lirclimitiry test onl their syvict, using the &same unelaslmc datti 4111pcars to hatc

p,:uoJ the samei result, but licowse ofscrt~lsliakndilicultics that mencurrently ladvs .i
pc%-mml~e output. a problem that is current licbingo:ddressd.

FOWMTAN sourc listingp for most of the sortwrare written for this work are rclproduixtd in iwi

Al~lvntdL. Only lte m~ost recent \vrions are inchided. Sonic of the result-. prescnted abv \vcrc

~ with arlier vrsions.

(til faimgpnjae)

Figure 13. 'The fully corrected itnge with grey-scale thresholdi at zero
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Appendix

SOFVARE SOURCE LISTINGS

FOWI'RAN source code for 1ke follodg routines r lsted below, in thc e der shown here.
The code is written for tn IBM PC.compzibl computer running under DOS.

DD A simple dump of the dita rie, in 512- byte bkk~ks, to the ntoitor or I disk fil.

RR A routine to fcmoi'e spurious end.o(record m.irks inserted tfer each topc
record by the tatpe.copy utility.

EE An ELSI.reeord re.decr to extract rnd cxaminc one record (sp.icr, imn.es, ind
41ki:l)1:1 tlmc.

Tr V imge trin.. ktior to re, ,d the rw.d wt ile, extr ct aind decode time, dis crrd
ovcrclockc# pixels, rcorder the anr i , a nd write ai nev davt file.

DS A routine to compute distributions of pixel vailues nd pixcto.pixcl jumps.

GO An iminge processor to rerid, subtr.act, correct, ,'WCrrge, proe ., and output the
results from one ESI record.

DD ROUTINE (DATA DUMP):

RO" W

*--irlbes, etc

Sim FOa'UIuII
.29X a I#

S,, ELS ATA-FILE OW (WU) ..X
4 425, I./* 2X. D~ps an £LS! data file in 4/4
4 2*:, 512-byte blocks. Output Is
* 2X'6 to the sCrtn a rd also to a

. *'b file Vr A Printer Or both.
* 25 Reads the Input file ELSI.DAT
+ 2 ~ WiLtes to a rile PRINTOUT.,CC, OW
* 25 both of WtAh must exisL in ,A
+ 2OX the Current default directory. *:.
+ 28X:: WItes to tie "MN pr!(Itcr- '1
* 21*, *.1
* 29V Press return to begtin readln , .
+ 29X I,/,
+ 4()

21



sp* 7tIfl

W~ 1001 1toblc NY ?4 A)

74 m

r 4.4% )~ir(~

OMI~rj~~~ *aN
I~t*t

M11 s pfqu file BothInee

r ,r or~
45c or1IWCGT.6jGIn 7t

~IWO 54

o 3

45 Iff ________________to____

1l) fM-'1l O cT £L5d-TA4E i W 1

Coto 22



)RRWUTINE (EORREMOVER):

re vptP0 wm t oklr ! u
From$ " Owl At~ 0di km oft

I Zta&5 *or .3 ~ txt 4 
ar 24 mm 4 14-5H wtsc in

C*un (LS1 C1 wC4l 41his ro'4iat C~( ~C
* C@5N~C. C 1Cefifl 04-Wro4w e

e1~ 045 it-p fro% t~

tt;. has ________________ to "U
u 11--J

1CRI).,

qV r e freors t1C o prcess:

IfL

98F'"1111"1 fXl. it exceeds IC44 rcd4)
.... *gs c -'o-record

So CON II "'
1158 F&..1A ( X '11stir euvJorrd Wrk',/

a.i...c ofi

0 FCYA .'Ed of fil In biockl.15)
--- -arwmI red or wite

INIM:~ 8i9kl~i8e 088ad/krite error, ./,
*-- ----- noro I "It

59 WONTIME
CLOS (8

+ 2CX,'1
* 2aX.' ,1
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lEE -ROUTINE (ELSI-RECORD REDER):-

..... v t?1 ra Itilt ULS vaT t Ma, bt Inl

AIMN 4'4 4r, TtefI sW X6tu

%w kN9t1 * te04 @1C l

hi ".2C 6j; 9: No 1 1,Zn C4

;ex CLSI CAIA-YAPE REAZ(R (EE) Id.
*44t: Tni g Ir th't rcas freA tuw file ': t E ci.CAr in the .cfau,1t drive.
Ux P Iress rectxn to bct3In rtadinf .2

7.4 F(AgMhTI)

F LE~, '~M;L S AT'1 TSTATBIW'V L
. ...real &M~ disp *?fielit

:E ress retur to cont ... 1
A~O""i EISI rec~ords (ter in f ileJ

..... re$l a recc-rd

*Ii *Reaj Iin red 1,1. A..,/)

IF(I T.UEO) 045

30 1*1 4

IT!: TIiT

KTe -IT%

..... -isplay 9-byte spacer~ and time
ITE v.168KT

4 IX 'El -BYTE SPACER: 4
+ 8(12 XI+ IX.'tWS !h0RQ TIIE:
+ 12.10 12 -: 12 - IJ1 0 UTs./?

915 FOR'AM
+E (x 0islaly hex dtap or Images (YIN)? (NI)
IFA(M . vADZ JZY G1 22
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'A 6M.
LOk'N 1 2 11

si mg

t kpt 'c.~I[: I 40 J
mend Wli t

,A2 I 13:01n Ica1520

ILA )TIN'A

X. IMP r ca teLSI r tc d / V

1 Z1 .r0.ZC~'~T CO2

'-close tilesu

e6IC10 5

*..-ndu al fle ed eL rcrr

-X'Rmal xner Lc eor NR() A

....E (90etlt

GOiJTE 99 )..... end offl o ed r
sal 28X, GO FES AA EfE C) ,

45 IF T TO5



TI' -ROUTINE (UIAGE TRANSLATOIR):

th-iis routin 0~e41 In' WIMI41 r-ecds from

CI orer Identi tior a 0astt*I4
A rrg of 0~ rlv*fts by Wr ( frem the -e

amW 4 ) t I U-

* li4 Inw.i rcmod In t if I h tI ).
* Iffit rctcr t th IS 1~ 1 tes oma

* cees Inew- 1161 1 hNo4 6 MUS * 1w

C-1OqiVR* all S1Rk''

Nf gs1 1 U it I~ ~ ,4.I

I ~ Ij 14 jIm~ 17 EI

I(~.jV&L G CI :R4 {JG I~ ~(~
. Ij GA 1~ 41 i (C~ .C

WeaS~ 27 INIV ISO~ 0 6*O.128,CC)

* AUX.,

"e CLSI CATA4MIRM& OR~~T~ I)

20W~ Recdr d~4Into an arr~of :
ZOW~ ~ 45 fC'.4s $ rw, Oftwirl J.I, X .I Cfrci~ked pixels In rov f 16Ut mb wa$ titn Aot3 1 &oi~n I*4R '1

* x, Reals fron lret f(ie ELSj .T- ::/:NIX" W~ites to *utfile ELS~ .11, do"Ni', IC-Ah files mt alrejf exist '1
N"' In the defoult 4ireCtory.:,I

x 1 .1.
NIX I I Press rettrn to begIn rejlq ..

U91-~? 7CO)Z
WO3 F ~rAT A I)..... ge fltW cti iles

iYECf 7,Fmbr:E~tAL IOSIAT-IST STA1UWa'IO-)
ALCtiS1SETiIAL1 I1.ejtATIST.STAI1L:-LO-)

"-- rea1 and display file label
READ( M0A
WMi1Ea.EC2)A

2O It~rae fie label reads . .. ,/

+ 2aK 'Press return to continue ... )
RE t(*.7C0) Za----ocess I2 ELSI records (number In file~

a Nte: (5996544-1024 bytes)/185344 3 2%

804 FNWUAT (
42OX 'Pause before each record (V/N)? (N) 'M)

IPAUSE-fl
IF(Z.EQ. 'Y .OR.Z.EQ. 'y' )IPALSE-1
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00 34 tRMIX.5

~ ~f~A1~~Q~)GTO 2

* axt"Ragv to Promgs rtwod
IS ltw o C~tlnw~

Rt~~In urtCord'.j),' .*)

?~1 :I4

*2d1xtIEL5 refrd'.13,

5; I(..MC

11(5 MRIP~1N IN to,

38F'AT (g)

H 01TIAL I

516 FO~ATfl IH:

H 1 IAE IS I1)
5 18 1A~,'t1S16 )

912 FO Ii( 1 )
+ 28X'Newrecd hae eas../

N 6

"1117 ' P2U



I 14 11109'

Ing q11110 C

4records processed
125 420o~A11 record% proctsstd')

... d oft l or re ror

34 F W .~~x EXIT: End of MOle)

r C F A'(X'!XIT: Olskil1e rta/aritt error*)

%,: EDO ELSI DATA 1R*a4AT( ,
Ume/

DS R~OUTINE (DISTRIBUTIONS):

?RIWtN OS
a Find distribution of pixel values wWd jumps
* In the ten etOlnedO jgven-ams-add) I" *r
* of an ELSIrecovd. Th ieofthe di 1
S button bins Is.
* Version DODD - D. J1. Knecht Ap4ril lVM

O'IAACIER'1 Ar162116.O(1;2iUOSCU4)
CIAACIER3 1 REG j2) ,Z

CWAACIERU1 H 102)
INIEGEW' %(j45ad.2Si1tON
INTEGER62 W g IT()VM(#6

EQUIVALE?~E G(Al HIt Ag ~(M
-......O files

OPEN(6 FILE*'ELSI IIG' F01111IIMAAY',*ACCE9! ISEgL(NTIALY. OStAT- bOC,SIATL& -OLD-)...... otants

..... I... )~

T* # DSi TG UTR(D

------ d 1,- o a file s~f~b
I NO 1V~v lyt

IN F~(/////28



mot SUILCT OPEATIO~t0/

+ ~, V Values distrillutonn
J jumps distribution

----I-Sel Q X1ha o fi

F4 :TAJQC')OTO 4

IF OR.''.W ~ GOTO 41
J: OR: GOTO 31

P--rA I wt record

S'01% md curret, record (YIN)? (NI')

, I Z.,W.Z.NE.y#)GTO 1
CALL AREC(AIOIM1,IAEC)
IWUT91

GOI
110 iF IU.Q )OT

* * re rturn r*oaitnanu.'

GOTO I

812 CAW'L S(j.

""N d1,'ut act a isv ecett ed.*2,6k-Press rttrWoi

COTO(I1R-coe ltlui~ f vzue

1 j9 TEc~s r11

U )x,:S~trcton~ Isv oetemdone.'.*28X Press ret urn for coainumeu .)
Rfti5s.73I)

84GO~TO
W O distributn f all ir '

41IF1 ?.OT 44

GOTO 4

+e Carue distribution o al pairs I )

0010 1. 4
hW IEaI~z

862 MMJT(
00 48,Sbrcin ae o endn.'
K+ 23~ rs eunfrmi eu..

00 4 J-129



C OTO I,
4PA sC6 Jt i0istrIM10"o (or all Pairs.)

IV. 4JlL

tI

61 ! -o '!,QuGTOI
V-5111.IIZ

64 wo" A q

* 2XPILn D istribut Io oitted

ou tI.P od a file .

81 IF MS. ? ' )GOT 'EILOiL
778 ,~T1 ~ -rib t Gi 1'~21- ha Itncoptdl

1 2 :Ms6~. 1X7(X,)1,~I-.Y

.I-. ress C*tt frmiV* ..

12 M1ECER'2 4

114 FRM ('
* ZIXPrind daa file toflraw N?(N A

+STA I5-t1 I L .* F TTED

00 20*66.1x
N I S.E 19U(M)IJ.)I./.1H)

CLOS (7~l.

GOTO3I



w1*{ I I !

GG ROUTINE (IMAGE PROCESSOR):

trw W tp o by corrccIif1
* times 121. w% bt"'s In . 4n,
* f'ogrm 00. (0. E'eI. 3nt 9 1 ) II u)

*b

*..~~.,$c(IrClt plot routines. NeWs In &n EL5I file
* of 4 reorldered~klk; l¢ I~~:csine tht 1 b

S~t~t~o aiw II z Coe~et olts (WS ~
* 5Cstuck 1bit: OcI5ft$ the rtlUlt 10 tf(Id W

a j u s t s a , r i , r 4i 5 1 W . t ' tIhe ,dsa" Mo:ad Wfil4S tb rsuJlt.tlS grey

IcMAI rI t (I I (0esl),Z

AV~ ' 1 11 ' W, 1 2

I[R1". l Q 2 1141?' )

" I .... 1

I STExlt

L~~~~ ~ .,,i /, rkoely

* jI/
1 Is411 I

t la lilt cilllyKil l~ ,/

* mUSLIAonIl t 've *,'
+igo rso Iodntfer

ILET EECTON /

*. 2SX, .1., I
+ M::, ELSEI~d ME MMSSK (00)
+ 26X (Revision 5.0) "4 21x:: to product tre-scale pInts 1
* M eds the I= file ELrsIII 1
Srt n default drive)
*20x:: response to interatotivedqey. I./*

* 29X, R SELECT "ERATIO1+ Weean Irput record '1
+ MX, S Subtract bck u

+C Correct for src bts
APAerage selected pairs

42X, P. rces composite imaeop 1
+ 20X:4 0 * 14trit to print file '1
+ 21X.: E Exit /

+ 2X
+ 21X. SELECTOW--)4\
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frs lo 0

F2 .Q'' I m::1::wgI

W& tit tttlt oi *

?4 j.... WtrICI t41h fae Fair
11 Is In rta4 I, t

112 F sodl vtb m

12 CALL SOYA(?O)

Is.. ors.414)r.4.C
11 Al r r @4 a ilac~ .'

Colo I a

(rsukbt or 6,I
ISJ IP~ 12

22ICt RU tC.I~,2)

0 SIPC.5 I

2a 2,'Cocrtction Is cweltd.,/

-'--'~-~rot successive pairs
4IVIIWUIE. 1. S.Q.1)t 42

12 FW W odata have be prewaed.',/.
" UX ?Prtss rttura for main .rnu ... )

.... sptcify suming
64i FC$4MA (

"2OX,1"e pairs we twered 1-1L /
" M.Trve first imaw Is mawr '.AI.
2x 'Are sIating with pair: 1]~\

iF U I OC~4KBEG.GM.1I)GOTO 42
T I E&*.4

94~ FORM
+ 21X, an eding with pa)-: 011] A~)
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2 4:~ IM Ar svPea /

cot I A' )

42 &ilt(f164
FC5ilaT result to P~i:V
dx, 1 2 '0n~44 4fie mil nus"A

2 Een I W43)OT 62z

62

00104t

12 tITE ai.114)
WX Itt Or v411 Imp~ size (L/S)? IL) A

tE N. . Z6ORL0.'s,1IZIZ'
* c~' ~~NTIE IsAT I sT:STAiLW- -W4

I 2 (2)

....chftk status kNrorecid*(

892 UXM.Is8i2) current wkrI (YI)? fn)')

AW7 'JAI)

859 FOW1A,

* zex EOF ELS ItAC PRCS=~ 0) '1

SSRW~TINE AVRASttc.NOUTAEG.KEND)INTEGER*2 M(41 4 1 Wl' rkK i10p,18o

; -- clear rtgistes mn4 compute sums
M0 ?1.2

CX0 4 J:I 96
00 4 1 1:45
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M 4 K XEIQ

KN*).f

141 j I.,
.4 1H-11,111

ElN

200MJNt( ICO(m)

RA (.(AI))

SWRDOUTIN JTE0.T(IV1,IV2.LIEL,IDE1)

I It V2-IVI. 1VI-IV dtftrCMCeS
LOIL laks* lac~ 4u' 121 (3.344

* IDEL slze of hi1 Jusr(op

MIATE* Ihthl4Iv

INTEGER.2 IVI IV2 TOE LDEL *IDEL IT(14
IN~TEGEW' IMLEi6u 3
DATA 1/ 4,2 ,:56~,I

..... ind Size of jmp"
IV-IVI

ICIIE..I)GTO
6 IMiIo.'

IFIELT.IT1 1:) DAIE. T12))I~.
IF :CELT.IT 12) .OIE. T( 1) IJMP#5
F I ELT.IT 3).AO IOEEI , )J1IF ICE.LT. IT 6)."..I EGE.IT( 2) IJW.

IF IOE.LT.ITI 2) AN'.ICE.GE.IT (1) IJW~'d
IF IJM.GC.G.&O.IJtV.LE.1 )GO1OB
IF IJ11'.GE.3. AN. IMA.E. )GOTO 3

CALL ?(SSG(I MtSG)
IFjIJ.E.1A)IJ?V'.8

8 IF( IJtC.L.1.0 .LCEL.EQ.)GOTO Mi

I(Oi.TUGOTO is

----[:return the jump value
1 IDEL'SIGNO3?V'

IF(IJMP.GT.1)LEL-ICEI.
68 CoiTINUE

RETURN

SUROUTiIE MESSG(N,MSG)
CHARACTERNI Z
INTEGER02 l SG(2)
DATA 2/*S*/

IF( N.EQ.2IWRITE (',382 )?58
381 FCAIRIT(25X (1HNO ncutre'\

+ IJu~p of 12. ' .14.')noutre'N
382 FORMAI(25X 51110)

READ(. (A) )Z g GI
9 RETURN

ED
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Ina
q1*1 gQ3

4 I

ptw I I tm? m 0

It . ff., 1
31 AN ot"ltA

*rD M
744#.~ FC 'J E

Mat
ta3 21 - stoai*A

314 ISPtATIl

12 -- Convot for Printing

DO 161 14
If~h I J1501J)i
IfNj'RGT .STNl' (SAT

VOV/SU'

IACG*!TDt*.hV
IF CIREC.GT. (1W')IREG.?TO?
IF (IRCG.LT.IOT)IREG' IEOT

J3aJ2*Ji
00 14 1-1.2

---d nd-or-record ivarks

I43REG )

J3-J2;,J1

17 '23 REG 2
isI

RETUN
EDl
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K- *

G t em -o e (col I1-, rod 146)

IPWtK Pt4 SIt to it (~ YIN)? (N) ,

IN ,me z __

it

IN 1 tom ro(~~oE

CPAU.12)

$IN4 lip.

N1c(41I#1.

IwA U.!,,WWq

005. .1 K)

L BjjIV4CL.CL

00 43 l-,4$

CLL v'i 1024IIIJ.L)
MO W~I -2.LEL. W.

3 C I,4 (1 J

5 GT1100ii2-if 36d



~52 KIC (-
Ux .4 ro. 1-4 bttn corad.1)

W11, UINP(.)OO Co

'1 4

ax 210 W1,fte b e m~ (I)

UX. IT 1a:350 Sn A W

5 4 4.1KC

7,tJK)IC
PI +PAXhMIN

004 1* (a1

Do

64 B3W


